Abstract. Recent studies demonstrated an epigenetic inactivation of the runt-related transcription factor 3 (RUNX3) gene in human colon cancer. However, it remains unclear whether RUNX3 is tumor suppressive in colon cancer and, if so, the underlying molecular mechanisms of this activity are still unknown. In the present study, we sought to determine the level of RUNX3 expression in human colon tumor specimens and used an animal model of colon cancer to determine the impact of RUNX3 expression on tumor growth and metastasis. First, we analyzed RUNX3 expression in 83 human colon tumor specimens using immunohistochemical, reverse transcriptasepolymerase chain reaction, and Western blot analysis. RUNX3 mRNA and protein expression levels were consistently lower in tumor tissue specimens than in matched normal colon tissue specimens. Also, restoration of RUNX3 expression in colon cancer cells using gene transfer inhibited colon tumor growth and metastasis in our animal model, which was consistent with inhibition of colon tumor growth in vitro. Collectively, our clinical and experimental data support the notion that RUNX3 is a tumor suppressor in human colon cancer.
Introduction
Colorectal cancer is one of the leading causes of cancer-related deaths worldwide (1) . In China in particular, because of changes in lifestyle and diet, the incidence of colon cancer is increasing (2) . Advances in the treatment of this disease are likely to come from a better understanding of its biology and behavior. In its early stages, colon carcinogenesis is associated with alterations in molecular signaling pathways; it then progresses as a result of a sequential accumulation of events that either activate oncogenes or inactivate tumor suppressor genes (3) . These events affect the downstream signal transduction pathways that control cell growth and differentiation. Some alterations in multistep colon carcinogenesis affect APC, K-Ras, p53, and elements of the transforming growth factor (TGF)-ß signaling pathway, such as TGFßRII and SMAD4. The TGF-ß signaling pathway serves as a major tumor suppressor in a variety of human gastrointestinal tumors, including colon cancer (4) .
Recent studies indicated the role of the runt-related transcription factor 3 (RUNX3) gene in gastric and colorectal cancer development and progression (5, 6) . The human RUNX genes encode the α subunit of the Runt-domain transcription factor PEBP2/CBF (7) and are homologues of the Drosophila genes runt (8) and lozenge (9) . The mammalian and Drosophila RUNX genes share an evolutionarily conserved region of 128 amino acids (the Runt domain) required for DNA binding and heterodimerization with PEBP2/CBF (7) . All three Runtdomain family members, RUNX1, RUNX2 and RUNX3, are master regulators of gene expression in major developmental pathways and play pivotal roles in cell proliferation and differentiation in humans (10) (11) (12) . Also, recent studies linked alterations of RUNX genes with carcinogenesis (6, (13) (14) (15) (16) (17) (18) . Furthermore, authors reported that a drastic loss of RUNX3 expression correlated with poor prognosis in patients with gastric cancer (19) .
RUNX3 appears to be inactivated by several mechanisms, including promoter hypermethylation (silencing) and protein mislocalization in cancer cells (19, 20) . However, whether and, if so, how RUNX3 regulates the growth and metastasis of colon cancer are unknown. Therefore, in the present study, we examined the expression of RUNX3 in colon tumor and matched normal colon tissue specimens obtained from patients with resected colon cancer. Loss of RUNX3 expression was lower in a subgroup of colon tumor specimens than in the matching subgroup of normal colon tissue specimens. Also, for the first time, we found that restoration of RUNX3 expression in colon cancer cells attenuated the growth and abrogated the metastasis of colon cancer in an animal model. These clinical and experimental data further substantiate RUNX3 as a tumor suppressor in human colon cancer.
Materials and methods
Human tissue specimens. Human colon tumor specimens preserved in the Colon Cancer Tissue Bank at Shanghai Jiaotong University Affiliated First People's Hospital in Shanghai, P.R. China, were used in this study. Primary colon cancer in these patients was diagnosed and treated at the hospital from 2001 to 2003. None of the patients underwent preoperative chemotherapy or radiation therapy. Eighty-three cases were selected to represent all of the stages and histological types of malignant colon cancer. All of the tissue specimens were obtained with the patients' informed consent, and all laboratory work involving human specimens was approved by the Institutional Review Board of and performed at Shanghai Jiaotong University Affiliated First People's Hospital. 
Restoration of RUNX3 expression in colon cancer cells.
Recombinant adenoviruses harboring RUNX3 with a FLAG tag (Ad-RUNX3) or EGFP (Ad-EGFP) were generated using the AdEasy Adenoviral Vector System (Stratagene, La Jolla, CA). Replication-defective adenoviruses were expanded in HEK293 cells and purified using double CsCl gradient centrifugation to achieve a titer of ~10 10 plaque-forming units/ml. For adenoviral transduction, tumor cells were seeded in culture plates. Twelve hours later, the cells were incubated for 2 h at 37˚C in serum-free medium alone or with Ad-RUNX3 or Ad-EGFP at a multiplicity of infection of 20. After being washed with serum-free medium, the transduced cells were replenished with Dulbecco's modified Eagle's medium and incubated for indicated periods before harvesting of supernatants or cells for further use (19) .
Western blot analysis. Whole-cell lysate extracts were extracted from human colon cancer cell cultures and tumor specimens. Standard Western blotting was performed using a rabbit polyclonal antibody against human RUNX3 at a dilution of 1:200 (Active Motif, Carlsbad, CA) or FLAG (M2; Sigma-Aldrich, St. Louis, MO) and the anti-rabbit IgG antibody, a horseradish peroxidase-linked F(ab') 2 fragment obtained from a donkey (Amersham, Arlington Heights, IL). Equal protein sample loading was monitored by probing the same membrane filter with an anti-ß-actin antibody (19) . The probe proteins were detected using the Amersham enhanced chemiluminescence system according to the manufacturer's instructions.
Animals. Female athymic nude mice were purchased from The Jackson Laboratory (Bar Harbor, ME). The mice were housed in laminar flow cabinets under specific pathogen-free conditions and used when they were 8 weeks old. The animals were housed in facilities approved by the Association for Assessment and Accreditation of Laboratory Animal Care in accordance with the current regulations and standards of the U.S. Department of Agriculture, Department of Health and Human Services, and National Institutes of Health. All experiments involving use of animals were performed at the M.D. Anderson Cancer Center with approval from its Institutional Animal Care and Use Committee.
Tumor growth and metastasis. To prepare colon tumor cells for inoculation in the mice, cells in the exponential growth phase were harvested by brief exposure to a 0.25% trypsin/ 0.02% ethylenediaminetetraacetic acid solution (wt/vol). Cell viability was determined using trypan blue exclusion, and only single-cell suspensions that were >95% viable were used. Tumor cells (1x10 6 cells/mouse) were then injected into the subcapsule of the cecum in nude mice in groups of 10. The animals were sacrificed 60 days after the tumor-cell injection or when they had become moribund, and their primary colon tumors were harvested and weighed. In addition, each mouse liver was removed and fixed in Bouin solution for 24 h to differentiate the neoplastic lesions from the organ parenchyma; metastases on the surface of the liver were counted (double-blinded) under a dissecting microscope.
Immunohistochemical analysis of colon tumor and normal colon tissue specimens. Sections (5 μm) of formalin-fixed, paraffin-embedded colon tumor specimens were prepared and processed as described previously (21) . RUNX3 protein expression in the sections was detected with an anti-RUNX3 antibody. A RUNX3-positive reaction was indicated by a reddish-brown precipitate in the nucleus and cytoplasm. Two independent investigators scored the sections without knowledge of the patient outcome (double-blinded). Mean values of two independent scores were calculated in our study. Depending on the percentage of RUNX3-positive cells and staining intensity, RUNX3 staining positivity was classified according to three groups: negative/weakly positive, moderately positive, and strongly positive (19, 21) .
Statistics. The two-tailed χ
2 test was performed to determine the significance of the relationships among the covariates. Each experiment was performed independently at least twice with similar results; one representative experiment was presented. The significance of the in vitro data was determined using the Student's t-test (two-tailed), whereas that of the in vivo data was determined using the two-tailed Mann-Whitney U test. P values <0.05 were deemed significant.
Results
Patient and specimen characteristics. The patients consisted of 40 (48%) men and 43 (52%) women. Eighteen (22%) patients were >60 years old, and 65 (78%) were ≤60 years old; the mean age was 65.1 years. The primary tumor was located in the rectum in 28 (34%) patients, the sigmoid colon in 17 (20%) patients, the ascending colon in 27 (33%) patients, the descending colon in 5 (6%) patients, and the transverse colon in 6 (7%) patients. Seventeen (20%) of the tumors were well differentiated, 43 (52%) were moderately differentiated, and 23 (28%) were poorly differentiated. Twelve (14%) were grade I tumors, 46 (55%) were grade II tumors, and 25 (30%) were grade III tumors. Forty-two (51%) of the cases were node-positive, whereas 41 (49%) were node-negative. Finally, 63 (76%) cases were negative for distant metastasis, whereas 20 (24%) were positive for distant metastasis.
Loss of RUNX3 expression in subsets of colon tumor and normal colon tissue specimens. We first determined the levels of RUNX3 expression in the primary colon tumor and matched normal colon tissue specimens obtained from the 83 patients. Twelve (14%), 36 (43%), and 35 (42%) of the normal tissue specimens had negative/weak, moderate, and strong RUNX3 immunostaining, respectively. In comparison, 24 (29%), 43 (52%), and 16 (19%) of the tumor specimens had weak/negative, moderate, and strong RUNX3 immunostaining, respectively. The levels of RUNX3 expression were significantly lower in the colon tumor specimens than in the normal colon tissue specimens (Pearson's χ 2 test, P=0.003) (Fig. 1) .
To confirm these immunostaining findings, we analyzed sets of colon tumor and matched normal colon tissue specimens for RUNX3 mRNA expression. We selected 14 cases with intact RNA integrity for reverse transcriptase (RT)-polymerase chain reaction (PCR) analysis. Five of these cases (36%) exhibited significantly lower RUNX3 mRNA expression in the colon tumor specimens than in the respective normal colon tissue specimens (Fig. 2) . We then selected the cases with substantially (cases 5, 6, 9, 13 and 15) or marginally (cases 14, 16 and 17) lower RUNX3 mRNA expression in colon tumor specimens for RUNX3 protein expression analysis using Western blotting. In general, the results of this Western blot analysis were consistent with those of the RT-PCR analysis (Fig. 3) . However, the Western blot analysis appeared to show more cases with lower RUNX3 expression in colon tumor specimens, which was consistent with the immunostaining results. Therefore, combined use of immunostaining and Western blotting was the most reliable in determining the RUNX3 expression status in the specimens. 
Restoration of RUNX3 expression in human colon cancer cells.
To provide causal evidence of the role of RUNX3 in colon cancer development and progression, we first determined the level of RUNX3 protein expression in various human colon cancer cell lines using the cell lysate of N87 human gastric cancer cells as a positive control as previously reported (19) . We detected various levels of RUNX3 protein expression in these cell lines. Interestingly, we observed lower RUNX3 expression in SW620, which was originally established from a liver metastasis, than in SW480, which was originally established from the primary tumor in the same patient from whom SW620 was established (Fig. 4A) .
Inhibition of colon cancer growth in vitro by restoration of RUNX3 expression. Next, we transduced HT-29 and Km12SM, which have low to nondetectable levels of RUNX3 expression, with Ad-RUNX3. Using Western blot analysis, we observed that exogenous RUNX3 was expressed in tumor cells transduced with Ad-RUNX3 but not in untreated control tumor cells or tumor cells transduced with control Ad-EGFP Figure 2 . RT-PCR analysis of RUNX3 mRNA expression. Total RNA was extracted from colon tumor and normal colon tissue specimens, and the integrity of RNA in the specimens was verified using RT-PCR with specific primers for ß-actin. Both RUNX3 and ß-actin were then amplified using RT-PCR with primers for both genes. This was a representative experiment of three with similar results. Substantially lower RUNX3 mRNA expression in the colon tumor specimen than in the matched normal colon tissue specimen. Figure 3 . Western blot analysis of RUNX3 protein expression. Total cellular protein was extracted from colon tumor and normal colon tissue specimens. Both RUNX3 and ß-actin were then determined using specific antibodies against RUNX3 and ß-actin via Western blot analysis. This was a representative experiment of three with similar results. Substantially lower RUNX3 mRNA expression in the colon tumor specimen than in the normal colon tissue specimen. ( Fig. 4B) . To determine the impact of this restored RUNX3 expression on the growth of human colon cancer cells, we incubated control HT-29 and Km12SM cells, HT-29 and Km12SM cells transduced with Ad-RUNX3, and HT-29 and Km12SM cells transduced with Ad-EGFP for 48 h after gene transfer. We determined viable cells using an MTT assay. Restored RUNX3 expression in colon cancer cells clearly inhibited the growth of both HT-29 and Km12SM cells in vitro (Fig. 4C) , showing that RUNX3 has a tumor-suppressive function in human colon cancer cells.
Suppression of colon tumor growth and abrogation of metastasis by RUNX3.
To determine the effect of RUNX3 on colon tumor growth kinetics, we subcutaneously injected HT-29 and Km12SM cells into nude mice. Untreated control tumor cells and tumor cells transduced with Ad-EGFP produced progressively growing tumors, whereas RUNX3-transduced tumor cells only produced slow-growing tumors ( Fig. 5A and B) . To be more biologically relevant, we injected Km12SM cells into the cecal wall in mice in groups of five (orthotopic gastric cancer animal model). Control and Ad-EGFP-transduced tumor cells produced large tumors that metastasized to regional lymph nodes and the liver, whereas RUNX3-transduced tumor cells only produced localized small tumors (Fig. 5C and D) . Therefore, enforced RUNX3 expression suppressed human colon cancer growth and metastasis.
Discussion
Although researchers have implicated RUNX3 as a tumor suppressor in several malignancies, including gastric cancer (6, 19, 22, 23) , the impact of RUNX3 alterations on colon cancer has gone unexamined. In the present study, we offered the first clinical and experimental evidence that altered expression of RUNX3 in tumor cells directly suppresses colon cancer growth and metastasis. Specifically, we found the loss of RUNX3 protein expression in human colon cancer cells. Restoration of RUNX3 expression in these cells significantly inhibited colon cancer cell growth in vitro and tumorigenicity and metastasis in an animal model.
Studies have identified a causal relationship between the loss of RUNX3 expression and the incidence of gastric cancer in humans as well as mice (6, 19) . Goel and colleagues elegantly demonstrated that the majority of human colon cancer cell lines do not express RUNX3 and that this lack of expression is significantly attributed to hypermethylation of the promoter region of the gene (5) . Notably, the RUNX3 promoter is methylated in colorectal tumors but not in adjacent nonmalignant mucosal epithelium, suggesting that methylation of this promoter is a cancer-specific event. Consistently, in the present study, we clearly showed that expression of RUNX3 mRNA and protein was substantially downregulated in human colon cancer cells and tumor specimens. Our observation that RUNX3 expression is frequently silenced in colon cancer cell lines and primary colorectal tumors is consistent with the theory that RUNX3, localized to a strategic location on 1p36, is likely a significant candidate tumor suppressor gene previously not shown to play a role in the development of colorectal cancer. This is strongly supported by our findings showing that engineered restoration of RUNX3 expression in colon cancer cells suppressed the growth and metastasis of human colon cancer cells. Collectively, these findings provide direct evidence that RUNX3 functions as a tumor suppressor in human colon cancer, Previous studies showed that the gastric epithelium in RUNX3 -/-knockout mice exhibits a reduced rate of apoptosis and reduced sensitivity to TGF-ß1, suggesting that the tumor suppressor activity of RUNX3 operates downstream of the TGF-ß signaling pathway (6, 22, 23) . Given the potential role of RUNX3 in TGF-ß signaling, the tumor suppressor activity of RUNX3 may be realized by inducing cell cycle arrest and/ or apoptosis. Indeed, the functions of RUNX proteins appear to be similar to those of members of the TGF-ß superfamily of cytokines (6) . Presumably, TGF-ß and RUNX proteins cooperatively regulate cell growth and differentiation through multiple mechanisms. Several studies have shown physical interaction of RUNX protein with Smads and p300, suggesting the foundation of the functional cooperation between TGF-ß and RUNX proteins (24) (25) (26) (27) . Since TGF-ß generally induces cell cycle arrest at the G0/G1 phase by increasing the expression and/or activity of specific cyclin-dependent kinase inhibitors (28, 29) and many other potential targets (30) (31) (32) (33) and since cyclin D1 is an important positive cell cycle regulator whereas p27 is an important cell cycle inhibitor (34), whether they are actually involved in the regulation of cell cycle arrest and/or apoptosis by RUNX3 is currently under investigation in our laboratory. In summary, our data indicate that RUNX3 expression is clearly lost in a significant subgroup of human colon tumor specimens. Although future studies are needed to reveal the molecular basis of RUNX3 function in colon physiology and colon cancer pathogenesis, we provided strong evidence that RUNX3 is a candidate tumor suppressor in colon carcinogenesis. Therefore, a better understanding of the molecular basis for the molecular function of the aberrant RUNX3 signaling pathway may help in designing effective therapies to control colon cancer growth and metastasis.
